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Polychlorinatedbiphenyls (PCBs) are onemem-
ber of a class of chlorinated organic compounds
which give rise to concern, because of their wide
dispersal and persistence in the environment and
tendency to accumulate in food chains, with pos-
sible adverse effects on animals at the top of the
food webs, including man. In the past, attention
has been concentrated on chlorinated hydrocarbon
pesticides, such as DDT, dieldrin, heptachlor and
HCH (hexachlorocyclohexane). More recently at-
tention has been focused on PCBs and on chlori-
nated dibenzodioxins. Likely candidates for future
attention are hexachlorobenzene, chlorinated di-
benzofurans, and chlorinated phenols. In the past,
such compounds have generally been studied indi-
vidually. As the number of compounds giving
rise to concern increases, there is an urgent need
to establish uniform monitoring schemes and
generalized models describing environmental
transport and bioaccumulation which will be ap-
plicable to all compounds with these properties.
Models such as the global monitoring scheme
outlined by the SCEP study (1), and the global
transport model outlined recently by Woodwell
et al. (2), are needed in order to help identify
sources of environmental contamination, to es-
tablish acceptable levels of discharge, and to
estimate the effectiveness of different control
strategies.
This paper summarizes the fragmentary knowl-
edge available about production, uses, and losses
of PCBs, and attempts to define the major routes
oftransport and reservoirs ofPCBs in the environ-
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ment. It discusses only production and uses within
North America, and distribution of PCB residues
in North America and adjacent seas (the eastern
half of the North Pacific Ocean and the western
half of the North Atlantic). It is expected that
the picture will be generally similar for other areas
where PCBs have been used extensively (i.e.,
industrialized regions, primarily in the North
Temperate Zone), with minor differences depend-
ing on local patterns ofuse and disposal. However,
references to studies made in Europe and Japan
are made in this paper where they help to fill gaps
in the North American picture.
Although we attempt to cover all the important
environmental aspects of the use and distribution
of PCBs, much of the discussion in this paper is
extremely speculative. One of its main purposes
is to point out the most important gaps in knowl-
edge which must be filled before firm estimates
can be made of present and future levels in the
environment.
Production and Use in NorthAmerica
The sole manufacturer of PCBs in North
America is the Monsanto Company. Commercial
mixtures are sold under the trade name Aroclor
and are distinguished by numbers, in which the
first two digits 12 specify polychlorinated bi-
phenyls and the last two digits the approximate
percentage of chlorine in the mixture (3). In
November, 1971, Monsanto released figures for
U.S. domestic sales of Aroclors during the period
1963-70, summarized here in Figs. 1 and 2, where
they are divided according to category of use and
grade of Aroclor.
Prior to Monsanto's voluntary reduction of
sales in September, 1970, approximately 60% of
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1254 and above, comprised approximately 30% of
sales prior to 1971. Their share of the reduced
sales in 1971 is expected to fall to 22%. Aroclor
1242 is being replaced with Aroclor 1016 having
a similar composition but with isomers containing
5 or more chlorine atoms removed.
The breakdown by grade of the current uses of
PCB is: electrical capacitors, mainly Aroclor 1016
with limited usage of Aroclor 1221 and Aroclor
1254; electrical transformers, Aroclors 1242, 1254
and 1260; vacuum pumps, Aroclor 1248 and 1254;
and gas transmission turbines, Aroclor 1221 and
1242. The breakdown by PCB grade of former
uses include Aroclors 1232, 1242, 1248, 1254, and
1260 for hydraulic fluids; Aroclor 1242 for heat
transfer systems; Aroclors 1248, 1254, 1260, 1262,
and 1268 for plasticizers in synthetic resins;
Aroclors 1221, 1232, 1242, 1248 and 1254 for ad-
hesives; Aroclors 1221, 1232, 1242, 1248, 1254 and
1268 for plasticizers in rubbers; Aroclors 1242,
1254 and 1268 for wax extenders; Aroclors 1254
and 1260 for dedusting agents; Aroclor 1254 for
pesticide extenders, inks, lubricants, and cutting
-oils; and Aroclor 1242 for carbonless reproducing
paper.
FIGURE 1. U.S. domestic sales of PCBs by category.
sales were for closed-system electrical and heat
transfer uses, 25% for plasticizer applications,
10% for hydraulic fluids and lubricants, and less
than 5% for miscellaneous applications such as
surface coatings, adhesives, printing inks, and
pesticide extenders. Exports by Monsanto have
averaged 13% of domestic sales over the period
1963 to 1970. Imports are thought to be small,
comprised primarily of plasticizers in resins and
adhesives, transformer oils and capacitor fluid in
electrical equipment. Exports to Canada should
be of the orderof7% of U.S. sales and are included
in this model of North America.
Monsanto has restricted sales of Aroclors based
on consideration of either the possibility of con-
tamination of food products or its inability to
control or monitor possible losses into the environ-
ment. The fraction of sales for use in confined
systems, primarily electrical applications, will in-
crease to approximately 90 percent in 1971 and to
100% in 1972. The higher chlorinated Aroclors,
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FIGURE 2. U.S. domestic sales by PCB grade.
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22Data on production outside the U.S. are not
available. It has been estimated (4) that the
Japanese production is 26 million pounds per
year, 40-50% for capacitors, 15% for transformer
oil, 10-15% for heat transfer fluid, 5% for plasti-
cizers, 15% for carbonless duplicating paper, and
5-10% for export.
Routes intothe Environment
As in the case of most industrial chemicals, loss
figures for PCBs are practically non-existent. Pos-
sible routesintothe environment include: (1) leaks
from sealed transformers and heat exchangers;
(2) leaks of PCB-containing fluids from hydraulic
systems which are only partially sealed; (3) spills
and losses in the manufacturing either of PCBs
or PCB-containing fluids; (4) vaporization or
leaching from PCB-containing formulations; (5)
disposal of waste PCBs or PCB-containing fluids.
Examples of losses by each of these proposed
routes include leaks from faulty heat exchangers
in the contaminated Japanese rice oil (5) and
contaminated chicken feed (Holly Farms) inci-
dents; leakage of hydraulic fluid from an air com-
pressor in Escambia Bay, Florida (6); the indirect
evidence of possible losses during manufacture
provided by the high level of PCBs in catfish in
waters near Anniston, one of the two sites at
which PCBs are manufactured in the U.S. (7);
the leaching of PCBs from silos by sileage (7) and
the use of waste electrical insulator containing
PCBs as solvent in herbicide treatment of power
rights-of-way near Martinsburgh, West Virginia
(7). Other unreported disposal of scrap un-
doubtedly occurs into sewers (8). Statistical infor-
mation on such losses is not available but could
be generated by an accounting of PCB inventories
and disposal by major users. To meet the problem
of scrap disposal, Monsanto has set up a disposal
system with a capacity of 10 million pounds per
year 'for their customers. Within a year of an-
nouncement of the service, 500,000 pounds of
waste PCBs had accumulated at the disposal site,
where it was held in storage, pending the com-
pletion of an incinerator (9).
Another waste disposal problem is that of PCB-
containing products including the PCB-impreg-
nated paper in capacitors, caulking compounds,
and carbonless duplicating paper. It has been
postulated that the PCBs may be vaporized
during incineration. Based on studies into the
incineration of PCBs and pesticide residues, mu-
nicipal incinerators meeting design guidelines of a
residence time of 2 seconds at 2000°F are expected
not to be a significant source of PCBs (9, 10).
Poorly operated commercial and municipal in-
cinerators, small domestic and apartment inciner-
ators, and open-burning dumps may, however,
be major sources of emission, but data are not
presently available. Another problem is that of
leaching from dumps. Again, d'ata are scarce, but
analysis (11) of stagnant water close to a sanitary
landfill indicated levels below the detection limit
of 4 ppb.
Quantitative Estimates ofRatesofLossintothe
Environment
Itisunlikelythatreliable quantitative estimates
of past losses of PCBs into the environment will
ever become available. However,in order to assess
the biological significance of the PCBs now in the
environment, it is necessary to make some nu-
merical estimates, however rough. The following
calculations are intended to provide order-of-
magnitude estimates of rates of loss. Figure 3
shows qualitatively some of the many possible
routes of loss into the environment.
Estimates of the rates of loss and disposal of
Aroclors in 1970 will be based on rough guesses
of the useful service life in different applications.
Transformers are fairly permanent installations,
and it is therefore estimated that only 10% of
sales of transformer fluid is to replace oil that
was scrapped and that the remaining 90% is for
new units. The useful life of capacitors, especially
those used in small items such as fluorescent light
ballasts, is expected to be under a decade, and it
is therefore estimated that the rate at which the
capacitors are discarded, primarily into landfill
dumps, is equal to half the rate of production.
(Figure 1 indicates a doubling period for sales of
about 10 years.) A similar figure is assumed for
the scrapping of heat exchangers, but it is ex-
pected that the replacement of fluid decomposed
under extreme thermal conditions would have led,
in the past, to additional direct losses, primarily
into sewers. It is estimated that the rate of vapori-
zation of plasticizer amounts to 10 to 20% of
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FIGURE 3. Possible routes of PCBs into the environment.
sales (12). Since many plastic objects have rela-
tively short useful lives the rate of disposal of
plasticizers into dumps is assumed to equal the
residual 80 to 90% of sales. Hydraulic fluids and
lubricants are rarely re-used, and it is therefore
assumed that a major fraction of these fluids used
for this purpose, together with those going into
the miscellaneous applications, were scrapped at
rates approximately equal to those of correspond-
ing sales.
On the basis of these gross estimates, it appears
that only about 20% of the 1970 sales in North
America, some 7X 103 tons, represented a net in-
crease in the amount of PCBs in service, in
transformers, heat exchangers and capacitors. The
remainder is assumed to have been discharged
into the environment, 1-2X 103 tons by evapo-
ration of plasticizers; 4-5X103 tons by.leaks and
disposal of hydraulic fluid and lubricant plus small
amounts by disposal of heat transfer and trans-
Environmental Health Perspectives 24Table 1. Gross Estimates of Rates of Input and
Accumulation of PCBs in North America in 1970.
Category of input Rates PCB Grade
(tons/year)
Vaporization of plasticizers 1-2X103 Mainly 1248
to 1260
Vaporization during
open-buming 4X102 Mainly 1242
Leaks and disposal of
industrial fluids 4-5X103 1242 to 1260
Destroyed by incineration
and open burning 3X103 Mainly 1242
Disposal in dumps and
landfills 1.8X104 1242-1260
Accumulation in service 7X103 1242-1254
Reservoir Accumulation (tons)
PCPs ZDDT
Soil (excluding dumps) 1.5X104 3X105
Oceans (adjacent to North
America) 1.5X104 10'
Fresh water (dissolved or
in suspension) 102 .102
Fresh water sediment 2X104 ?
Biota <103 <10'
former oils, and 22X10" tons by disposal in in-
cinerators, dumps and sanitary landfills. Of the
latter, we estimate (13) that 10 to 20% (3X 103
tons) were destroyed by burning, and 2% (4X102
tons) were vaporized, mainly by open burning of
wire scrap, auto components, and material in
dumps.
Routesinto the Environment
The total rate of loss of PCBs is thus estimated
tohave been of the orderof 1.5 to 2X103tons/year
into the atmosphere, 4 to 5X 103 tons/year into
fresh and coastal waters, and 1.8X 104 tons/year
into dumps and landfills. The input into soils via
the use of Aroclors as pesticide extenders is be-
lieved to have been small, less than 10 tons/year,
on the basis of reports of purchases for this pur-
pose. The unauthorized and unrecorded use of
scrap PCBs as pesticide extenders is difficult to
estimate but has probably been small. Direct
discharge into the oceans, e.g. by dumping of
hydraulic fluids and lubricants from ships, has
probably been of relatively small magnitude, but
may have been locally significant (49).
Most of the PCBs discharged into the atmos-
phere will have been Aroclor 1248 to 1260 vapor-
ized from plastic resins, augmented primarily by
1242 vaporized from burning dumps. The dis-
charge into waters will be heavily weighted by
the Aroclors used as hydraulic fluids and lubri-
cants and is therefore likely to have included a
mixture of Aroclors 1242 to 1260. The residual in
dumps will have a large fraction of the Aroclor
1242 production.
RatesofTransportwithintheEnvironment
The modes of transport of the PCBs within the
environment are complex. Vaporized PCBs will
be partially adsorbed on particulates, transported
with the prevailing winds, and deposited on land
or water by particle sedimentation or rain-out.
PCBs introduced into water streams may be ad-
sorbed by the waterborne particulates or the
benthos; the adsorbed PCBs will diffuse into the
bottom sediment, redissolve in the water stream
or be entrained with sediment eroded from the
bottom surface.
The problem is further complicated by the
assimilation, transport and degradation of PCBs
by the biota. A major fraction of the PCBs dis-
carded in dumps is encapsulated in sealed con-
tainers or plastic resins. The rate of loss from
these will therefore be low until the confining
material is degraded and the PCBs released. The
PCBs will then slowly diffuse through the sur-
rounding soil. In principle, the rates of transport
may be calculated from knowledge of the physico-
chemical properties of the PCBs and the pertinent
data on atmospheric conditions, particulate trans-
port, hydraulic dispersion, bottom sediment trans-
port, and biological degradation rates. At present,
the data are too incomplete and the interactions
between the different elements in the environument
too complex to attempt a formulation of but the
crudest of transport models. The similarity be-
tween the properties of the PCBs and DDT,
summarized in Table 2, permits rough estimation
of some of the otherwise unkinown routes and
rates of transport of PCBs from the corresponding
information on DDT. In Fig. 4, a generalized
model for the distribution and transport of the
PCBs is outlined, without any indication of the
transport down spatial gradients within the differ-
April 1972 25Table 2. Comparative Physical Properties of PCBs and DDT (Ref. 9, 23, 84, 85).
Aroclor
Molecular weight 1242 1248 1254 1260 DDT
Range, 154-358 222-358 290-392 324-460 352
Average 262 288 324 370 352
% Chlorine 42 48 54 60 50
Solubilityb in H20 200 100 50 25 Est. 0.7
(at 20'C ppb)
Vapor pressureb at 380C 10-3 3.7X10-4 6X10-5 2X10-7 2X10-"e
(mm, Hg)
Vapor pressure at 20'C 10-4c 3X10-60 3.6X10-6c 1.5X10-7
(mm. Hg)
a Based on constituents present in amounts of 1 percent or more.
b The high values of the solubilities and vapor pressures of the PCBs are a consequence of the heavy weighting given
the lower chlorinated species.
a Extrapolated.
ent compartments of the environmE
tempt is made in the following sections
fluxes between and within each compi
Air Transport
The estimated emission of 1500 to
year of PCBs, mainly by vaporizatio
FIGURE 4. Environmental transport
ent. An at- burning, is expected to be concentrated in urban
3 to estimate areas. By analogy to DDT (17, 18) it is expected
artment. that most of the airborne PCBs will be adsorbed
on particles. Since roughly three quarters of total
suspended particulates (TSP) in urban areas are
of non-agricultural origin (19), and the emission
2500 tons a of TSP within cities is of the order of 2X 107
n and open tons per year (20), this gives rise to a rough
estimate of PCB level on urban particulates of
50 to 80 ppm.
The half-life of particulates in the air will de-
rid pend greatly on the size of particles to which the
PCBs are attached and the extent of atmospheric
precipitation. (19) It is estimated that most of the
vaporized PCBs will be deposited within 2 or 3
days, mostly onto the land mass and coastal
waters surrounding urban areas. The small
amounts of PCB attached to fine particulates will
reside in the atmosphere for extended periods and
be transported to remote areas.
Based on the above assumptions, the rate of
terrestrial net input of PCBs by serial fallout in
North America will be a little less than the rate of
vaporization, about 1000 to 2000 tons/year. The
vapor pressure of Aroclor 1254, the dominant air-
borne contaminant, is close to that of DDE (21),
and it is estimated, by analogy to DDE (17) that
decomposition thelikely half-life of PCBs in soil is of the order
model. of five years. The PCBs removed from the soil
Environmental Health Perspectives 26will become adsorbed to particulates, mostly of
relatively short range, and be redeposited and
vaporized one or more times until they reach the
coast. By analogy to DDE (1, 2), the redistri-
bution of PCBs by this mechanism is expected to
have resulted in the redepostiion into the ocean of
one quarter of the PCBs that originally fall out in
the terrestrial environment. The deposition pat-
tern will be influenced by the size distribution of
particles to which the PCBs are attached, with a
major fraction ending in coastal waters and a
small amount being transported into remote
regions.
It is expected that a negligible fraction of the
PCBs reaching the oceans will be revaporized;
their concentration will be too low.
Water Transport
On account of the low water solubility and
high specific gravity of PCBs, it is expected that
most of the PCBs discharged into the environ-
ment will be resting as sludges or adsorbed in the
sediment at the bottom of rivers or lakes near
their point of discharge, and that transport in
streams will be primarily by means of waterborne
particles. Evidence for this postulate is indirect,
consisting mainly of the strong adsorption of
PCBs by surfaces (22), the observation of PCB
concentrations as high as five times the solubility
limit (6), and the evidencethat chlorinated hydro-
carbon pesticides are removed from contaminated
lakes by adsorption in sediments and codeposition
with algal bloom (24).
The transport of PCBs within rivers is as
described previously, by solution and readsorption
in the sediment and by sediment transport. The
data on partition coefficient between sediments
and water and on diffusivity in bottom sediment
are not available so that the transport models
(25) developed for rivers cannot yet be applied.
The only measurements reported on PCBs in
ground sediment are for Escambia Bay (6, 26).
The PCB concentration in the sediment 10 miles
downstream from a discont'nued source of PCB
loss was found to remain constant over a year sug-
gesting that the PCBs are strongly adsorbed to
sediment.
The amount of PCBs transported to the ocean
in solution or suspension in river water is esti-
mated as 200 tons/year (49), a small amount
compared to the estimated input into rivers. Irri-
gation waters amount to about 1.5 of the total
river flow and are expected to carry a corre-
spondingly lower amount, about 15 tons/year,
of PCBs to the terrestrial environment.
Dredging and Dumping
Dredging of inland rivers and harbors may
lead to significant transfer of PCBs from con-
taminated sediments, especially when the dredge
spoils are dumped at sea. According to the Council
onEnvironmental Quality (27), some 13X106 tons
of polluted dredged spoils are dumped at sea
annually off the United States, 90% off the Gulf
and Atlantic coasts. A high figure for PCB levels
in polluted sediments is 30 ppm, the highest level
recorded in the Escambia Bay incident away from
the immediate vicinity of the discharge (26). If all
the polluted dredge spoils were contaminated to
this level, the total rate of transfer of PCBs to
the oceans would be around 400 tons/year, mostly
into the Atlantic Ocean and Gulf of Mexico.
Based on the general level of contamination a
more reasonable estimate of rate of transfer would
be only 20 tons/year.
Biota Flux
The total quantity of PCBs stored in migratory
animals is very small (see below), and their move-
ments cannot account for a significant fraction of
environmental transfer of PCBs. The movements
with the greatest local significance are probably
the migrations of seabirds from the northern to
the southern hemisphere; these might account for
the movement of about a ton/year (28). Human
fishing is estimated to remove only 1-2 tons/year
from the eastern North Pacific, the western North
Atlantic and the Great Lakes (30).
Separation andTransformation ofPCB
Isomers inthe Environment
There are three processes by which the compo-
sitions of PCB mixtures may change after release
into the environment.
Fractionation
In general, the water solubilities and vapor
pressures of PCB isomers decrease with increasing
April 1972 27Table 3. Percent Loss in Area of Seven Chromato_
gram Peaks of Aroclor 1254 After Steam Heating
for 25 and 60 Minutes. [From Ref. 23]
Peak 25 Minutes 60 Minutes
1 66 83
2 41 74
3 22 73
4 40 54
5 14 51
6 0 15
7 0 33
chlorine content, although the decreases are not
uniform (Table 2) (31). Hence the processes of
evaporation, co-distillation and dissolution in
water are expected to fractionate mixtures of
PCBs, the lower isomers being much more mobile.
This has been confirmed for co-distillation by the
results of Freed (21, 23) (Table 3), which show
that, after 60-min steam heating, the ratio of the
first to the sixth of the seven major chromato-
graphic fractions of Aroclor 1254 was reduced by
a factor of 5. Thus environmental transport
mechanisms involving these processes are ex-
pected to reduce the proportions of the lower
isomers in environmental samples near to the
point of release, and to augment them in samples
from remoter areas.
Photolysis and Chemical Decomposition
Photolytic decomposition of certain PCB
isomers has been reported by Risebrough et al.
(32, 33), and Safe and Hutzinger (34, 35). The
results ofthelattersuggestthatinnaturalsunlight
some higher isomers are more easily broken down
than the lower isomers (35). Hence photolysis is
expected to reduce the proportions of at least
some of the higher isomers. Photolytic dechlori-
nation is also expected to give rise to lower
isomers, including some which may not be present
in commercial mixtures (35).
Because of their high stability in industrial use,
we assume that other forms of chemical (non-
biological) decomposition of PCBs are very slow
in the environment.
Metabolism and Excretion
Published studies of the dynamics of PCBs in
rats and birds (36-39) indicate that the higher
isomers are generally taken up and/or retained
more efficiently. In each case the proportions of
pentachloro- and lower isomers found in the ani-
mals' tissues were generally lower than those in
the Aroclor mixture to which they had been ex-
posed, but there appears to have been little
differentiation of the higher isomers except for
one hexachloro-isomer (36-38). It is not clear in
each case whether the deficiencies of the lower
isomers resulted from metabolism or differential
excretion, but it is likely that both occurred.
Because of their higher solubility in water (see
above), the lower isomers would be expected to be
excreted more easily than the higher isomers. In
one study on rats, loss of PCBs from the body
was markedly retarded by administration of car-
bon tetrachloride (36), suggesting interference
with metabolism in the liver. In another study
with rats, hexachloro-isomers were found in dis-
proportionate amounts in the urine (37), sug-
gesting that the tetra- and pentachloro-isomers
were metabolized and the hexachloro-isomers ex-
creted in part, while the heptachloro-isomers were
differentially retained. Two studies of metabolism
of PCBs in fish (40, 41) gave inconsistent results
but showed no marked tendency for the higher
isomers to accumulate differentially.
Evidence from Environmental Samples
Veith (42) has found that the proportion of
higher isomers increases downstream in some Wis-
consin rivers and that certain isomers character-
istic of lower Aroclors disappear. Since the lower
isomers are unlikely to be differentially retained
in sediments (see above), this suggests that they
are decomposed rapidly in the river environment.
Evidence of biodegradation of pesticides under
anaerobic conditions (43) suggests the possibility
that the degradation of the missing lower isomers
may occur primarily by microbial metabolism in
the bottom sediment. We recommend that higher
priority be given to this aspect of decomposition
of PCBs.
A number of writers have reported that PCB
samples extracted from animals generally match
Aroclors 1254 or 1260, but that thelowestisomers
are sometimes relatively deficient or missing, es-
pecially in animals high in food chains (38, 44).
Since substantial quantities of Aroclors 1242 and
Environmental Health Perspectives 28Table 4. Relative Peak Heights in Gas-Liquid
Chromatograms of Extracts from Sewage
Sludges. [From Ref. 45]
Relative Sludge Aroclor Sludge Aroclor
retention A 1254 B 1260
time
0.69 38 30 39 3
0.81 63 72 24 14
1.00 51 59 17 4
1.21 104 110 51 30
1.45 100 100 100 100
1.71 92 92 66 69
2.00 32 26 70 70
2.34 19 12 53 55
2.83 21 19 84 87
3.33 10 8 29 30
3.70 5 4 25 23
1248 must have been released into the environ-
ment (see above), these observations suggest that
a large proportion of the lower isomers (those
with 4 or fewer chlorine atoms) is missing from
the animal samples. However, few critical data
have been published. In one set of data from
sewage sludge (45) (Table 4), none of the lower
isomers is clearly deficient. Inpublished chromato-
grams for birds (38, 46, 47) (Table 5), only the
lowest isomers (tetrachlorobiphenyls) and one
higher isomer were markedly reduced in com-
parison to Aroclor 1254. In human adipose tissue
(48), however, pentachloro- and hexachloro-
isomers were reduced or missing.
The higher isomer reduced in the bird samples
(38, 46) is probably that reported as deficient in
samples from the Gulf of California and Quebec
and found to be degraded by ultraviolet light
(32, 33). With this one exception, we conclude
tentatively that higher isomers (pentachlorobi-
phenyls andhigher) arenotsignificantlydifferenti-
ated as they pass through food chains up to fish
and birds. Mammals appear to be able to excrete
and/or metabolize penta- and hexachloro-isomers.
The lack of the lower isomers in samples from
relatively contaminated areas could be accounted
for either by metabolism or by their greater mo-
bility. However, Risebrough andBerger (33) found
that lower isomers were relatively deficient also
in samples from fish in a remote lake in northern
Canada. Thissuggests thatdifferential metabolism
is the primary mechanism in the environmental
differentiation of isomers, outweighing the effects
of differential photolysis and differential mobility,
which would be expected to have reduced the
proportion of higher isomers in remote samples.
Conclusions and Comments on Separation
of PCB Isomers in the Environment
We conclude that most PCB isomers with four
orfewer chlorine atoms have been degraded in the
environment, possibly by microbial action. De-
composition of penta- and hexachloro-isomers ap-
pears to occur in birds and mammals, but this
will have affected only a negligible fraction of the
PCBsin theenvironment. Accordingly, we assume
(3) that some 75% of the Aroclor 1242 released
into the environment, 60% of Aroclor 1248, 20%
of Aroclor 1254 and 5% of Aroclor 1260, have
disappeared.
The above discussion has been confined to a
general comparison of lower and higher isomers,
because of the scarcity of data on relative pro-
portions of individual isomers in environmental
samples. In fact, the physical and chemical prop-
ertiesandbiodegradability ofPCB isomersdepend
on the positions of substitution as well as the
total chlorine content. More precise data on the
Table 5. Relative Peak Areas (Peak 11=100) for
Chromatogram of Extract of Eagle Carcass
and Aroclor 1254. [From Ref. 47]
Peak Relative Eagle Aroclor
No. retention carcass 1254
rimea
1 0.39 7.5 6.8
2 0.49 34.8 100.0
3 0.53 55.0 42.3
4 0.58 15.7 21.0
5 0.70 68.6 191.5
6 0.79 28.0 32.2
7 0.83 111.9 127.5
8 0.97 68.7 66.5
9 1.04 91.6 105.2
10 1.23 92.5 139.5
11 1.46 100.0 100.0
12 1.72 62.2 75.5
13 2.01 28.7 23.6
14 2.32 18.4 42.6
15 2.86 32.6 38.8
16 3.38 15.4 22.2
a p,p'-DDE=1.00
April 1972 29exact quantities of individual isomers in environ-
mental samples would permit more precise con-
clusions about the sources and routes of contami-
nation. We urge that numerical characterization
of individual peaks should be published whenever
possible.
Cumulative Inputintothe Environment
From an extrapolation of the sales curve in Fig.
1 to zero production in 1930, it is estimated that
the cumulative sales in North America over the
period 1930-1970 were 5X105 tons. Assuming that
theproportions ofsalesfordifferent usesweresimi-
lar throughout the period, the cumulative losses
maybe estimated asabout 3X104tonsintotheair,
6X104 tons into fresh and coastal waters, and
3X105 tons into dumps and landfills. Using the
results of the previous section, it may be estimated
that roughly one-third of the PCBs released into
the air and one-half of those released into water
have now been degraded. It is difficult to estimate
the extent of degradation in dumps, because some
of the PCBs there may still be in sealed containers,
but we assume in any case that leaching from
dumps into fresh waters has so far been negligible.
Of the PCBs released into the air, we have
assumed that most would have been adsorbed
FIGURE 5. Ocean sub-model.
Table 6. Range ofconcentrations ofPCBs in samples
from the Irish Sea and Firth of Clyde, Scotland,
October 1969 and subsequently [Ref. 58]. All figures
are in ppm except those for seawater.
Sample PCB EDDTa
size
Seawater 53 <10 ppt <1-5 ppt
Zooplankton 7 0.01-0.03 0.01
Mussels c.200 0.05-0.5 0.01
Norway lobster 33 0.01-0.1 0.01-0.1
Herring 154 0.01-2.0 0.01-1.0
Whiting: muscle 18 0.01-0.4 0.01
liver 15 1.0-7.0 1.0-2.0
Cod: muscle 5 0.3-1.8 0.4-0.52
liver 5 4.5-50. 2.3-12.
Other fish 83 0.1-1.0 0.04-1.0
Razorbill livers 7 2.-44. 5.-13.
Guillemot livers:
birds found dead 49 2.-880. 1.7-26.
birds shot 5 0-2. 0.1-0.8
a These figures, as given in the original source, include
dieldrin as well as DDT and its metabolites, but dieldrin
comprised only 4% ofthetotal inthe caseoftheguillemots.
onto particulates soon after volatilization and
would therefore have fallen out relatively close
to the source. By analogy with DDT residues,
PCBs in soil would be expected to have a half-life
of the order of 5 years (2, 17). Again using the
analogy with DDT and its metabolites, we may
estimate that roughly one-quarter (1) of the total
(i.e., 5X103 tons) will have been transferred into
the sea, mainly into the Atlantic Ocean, and the
remainder (1.5X 104 tons) distributed over ter-
restrial North America, with a negligible fraction
having fallen into fresh waters. Other inputs to
the sea are difficult to estimate but have probably
been of the order of 104 tons (49). The remainder
(2X 104 tons) is assumed to have accumulated in
lakes and rivers.
PCB Levels and XDDT/PCB Ratios in the
Environment
In this section we compare the above estimates
of cumulative input into the environment with
measurements of PCB levels in physical and bio-
logical samples. The purposes of this comparison
are: (1) tousetheobserveddistribution ofPCBsin
the environment to check the consistency of our
Environmental Health Perspectives 30Table 7. PCB levels in Swedish marine organisms 1965-68 [From Ref. 44]. Figures given are the mean (ppm in
extractable fat), with range and sample size in parentheses; ZDDT is the total ofDDT and its metabolites.
Baltic Sea Stockholm Archipelago
Mean Range N 2DDT/PCB Mean Range N 2DDT/PCB
Mussel 4.3 (1.9-8.6) (40) 1.4 5.2 (3.4-7.0) (15) 0.6
Herring 6.8 (0.5-23) (18) 2.5 5.1 (3.3-8.5) (4) 1.5
Seal 35. (16-44) (3) 3.4 30. (16-56) (3) 5.7
Guillemot eggs 250. (140-360) (9) 2.3
Heron 9400. (1) 1.5
White-tailed Eagle:
breast muscle 14000. (8400-17000) (4) 1.8
brain 910. (490-1500) (3) 2.1
eggs 540. (250-800) (5) 1.9
models of environmental transport; (2) to define
the types and locations of input to the environ-
ment which are responsible for the most serious
contamination of the biota.
Uptake and Biological Magnification ofPCBs
in Food Chains
A large fraction of the reported measurements
of PCB concentrations in environmental samples
have been from animals, especially fish and birds
high in marine food chains. Figure 5 outlines
schematically a model for the transport of PCBs
within a simple marine ecosystem. Laboratory
experiments (6, 41, 55) indicate that aquatic in-
vertebrates and fish can accumulate PCBs to
levels between 3X 103 and 7X 104 times higher
than those in the ambient water. It is not yet
clear whether concentrations of PCBs are con-
sistently increased as they pass up food chains
from invertebrates to fish and from fish to fish
(57). However, PCB levels are clearly magnified
within food chains involving birds and mammals
by a factor on the order of 10 to 100 at each step
(32, 44, 56, 57, 58). Hence, in the long food chains
characteristic of marine systems (59), the levels
in the top predators may be 107 times higher than
those in the ambient water (Tables 6 and 7). In
extreme cases, such as the starved guillemots in
Table 6, or the eagle fat in Table 7, the concen-
tration factors may be as high as 108 or 109.
Because of the extreme variability observed both
within and between samples, it is difficult to use
measured levels in animals as a direct measure of
levels in the environment. However, it is possible
to compare levels in the same species or in eco-
logically equivalent species to define spatial gra-
dients in contamination (29, 44).
2DDT/PCB Ratios
Another approach (32, 56) utilizes thesimilarity
in properties between the persistent PCBs and
the persistent metabolites of DDT, primarily
DDE. (In the remainder of this section, DDT and
its metabolites DDE and DDD are grouped to-
gether as 2;DDT). Experiments suggestthat PCBs
and 2DDT are accumulated by aquatic animals
to an extremely similar degree from ambient
water (41), and measurements in the same areas
indicate that the ratios 2DDT/PCB are very
similar in animals from different levels in the food
chain (Tables 6 and 7) (32, 56, 75). Hencetheratio
2;DDT/PCB in environmental samples, even in
animals at the top of food chains, can be used to
infer the ratio in the substrate, at least to order
o0 magnitude (32, 56). Then the extensive infor-
mation about the environmental distr'bution and
transport of 2DDT (2, 17) can be used to make
inferences about the distribution and transport of
PCBs.
Air
The only numerical measurements available of
PCB levels in air are some estimates of levels in
total suspended particulates (TSP) in four U.S.
cities between 1968 and 1970 (E.P.A., unpub-
lished data). The mean level of PCBs was about
50 ppm, with levels in one city substantially
April 1972 31higher. This is at least consistent with our earlier
estimate based on rates of transport in the en-
vironment.
Risebrough et al. (60) were unable to detect
PCBs in a sample of marine air off the California
coast. This suggests that long-range (inter-conti-
nental) transport of PCBs in air may be
negligible.
Land
We have estimated the cumulative net input
into terrestrial North America as of the order of
1.5X104 tons. For comparison, the -total quantity
of 2DDT remaining in terrestrial North America
is of the order of 3X 105 tons, as estimated by
two methods: total application minus estimated
total losses to the sea (1); mean levels of 2-3 ppm
in a wide variety of treated soils, and lesser
amounts in untreated soils (2, 17, 61). Hence the
continental mean 2DDT/PCB ratio should be of
the order of 20. However, PCBs are expected to
be distributed primarily around urban areas and
downwind from them, whereas 2DDT is still
concentrated in the agricultural and forested areas
where it was applied (61).
Anation-widemonitoringschemeusingstarlings
(Sturnus vulgaris) and woodcocks (Philohela
minor) is in progress. Early results show mean
PCB levelsinpooled samples offatfrom woodcock
wings from eastern states in the range 4-7 ppm
(62). 2DDT levels from these pools are not yet
available, but fat from woodcocks in Canada con-
tains 6-130 ppm, depending on the local history
of application (29). Woodcocks feed on earth-
worms and should be a good indicator for soil
concentrations.
Other data from terrestrial birds may be biased
towards low 2DDT/PCB ratios, because the birds
were obtained in industrialized regions. The
median 2DDT/PCB ratio in a small sample of
terrestrial birds from California was 4 (32). Ter-
restrial birds of prey in five European countries
have very high levels of PCBs, with 2DDT/PCB
ratios in the range 0.3-5 (63-67).
In human food, market basket surveys in the
United States suggest a 2;DDT/PCB ratio of
about 4 (68). Ratios in human milk (69, 70) and
human blood plasma (71) are in the same range.
However, except for sporadic instances of con-
tamination, most of the human intake of PCBs
appears to be in fish (68), whereas 2DDT is much
more widely distributed in the diet (72). If the
fish and shellfish portions of the diet are excluded,
the 2DDT/PCB ratio would probably be greater
than 10. Similar data have been reported from
Sweden, where the 2DDT/PCB ratio in total diet
samples and in human milk is about 7 (73).
Fresh Waters
Measurements of PCB levels in water are avail-
able only for,relatively,polluted rivers and bays
and are summarized in note (50). Table 8 summa-
rizes PCB levels and 2DDT/PCB ratios in fresh-
water fish and birds. PCB levels are both abso-
lutely and relatively high in industrial rivers and
in the Great Lakes; within the Great Lakes there
is a gradient in 2DDT/PCB ratios from west to
east. Levels of PCBs are lowerin the three samples
from lakes in less industrialized areas listed at the
bottom of Table 8. These data are consistent
with our conclusion that most PCBs in fresh
water systems result from local discharges by in-
dustries, but that there is also widespread aerial
fallout of small quantities.
Based on our assumptions of mean concentra-
tions in fresh waters (50), we estimate that the
water of the Great Lakes contains a quantity of
PCBs of the order of 100 tons; the total quantity
Table 8. PCB Levels and 2DDT/PCB ratios in North
American Fresh Water Vertebrates.
Mean PCB 2DDT/PCB
Area level in fish ratio in fish Refer-
and/or fish- ence
(ppm) eating birds
U.S.: industrialized
rivers 1-213 0.005-0.35 55
Lake Ontario 19 0.08-0.2 55, 74
Lake Michigan 20 0.4-1 55
Lake Huron
(Georgian Bay) 0.8 75
Lake Superior 2.4 75
Ontario:
Lake Nipigon 0.1 1-4 75
U.S. & Canada:
Prairie Lakes <0.1 2 76
N. Quebec:
Lake Minto 0.1 1 33
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carried in river water would be only of the order
of 3 toDs. It is difficult to estimate the total
quantity in the biota, but since the Great Lakes'
fisheries probably remove less than a ton of PCBs
per year (30), the total quantity in fish is probably
only of the order of 10 tons. These quantities are
negligible in comparison to the estimated cumu-
lative input of 2X104 tons after allowing for
degradation. Hence we conclude that almost all
the PCBs thathave been released intofresh waters
are adsorbed onto bottom sediments. There are
no data to indicate the rate at which they are
being released into water and into the biota or
being biodegraded.
It is expected that PCB levels in ground water
will be negligible, since any PCBs in water per-
colating through the soil should be adsorbed onto
soil particles (77).
The Sea
According to our estimates, the total input of
PCBs into the seas around North America has
been of the order of 1.5X 104 tons, mostly into
the Atlantic Ocean, in part by localized discharge
and in part by aerial fallout. For comparison, the
total input of 2DDT into the oceans has been
estimated as of the order of 5X105 tons (1), of
which a disproportionate quantity, probably more
Table 9. PCB Levels and2DDT/PCB ratios in Marine
Vertebrates.
Mean PCB 2DDT/PCB
Area level in fish ratio in fish, Refer-
(ppm) fish-eating birds ence
and/or mammals
Long Island Sound 1.2 0.08-0.18 78
Bay of Fundy 0.5 0.4 29, 79,
80
Atlantic Ocean 0.1 0.2-0.5 57
Puget Sound 0.16 1.1 56
San Francisco Bay 0.1-1.2 1-3 32, 56
Californian Coast 0.02-1 5 32, 56
Gulf of California 10 32
Gulf of Panama 1-2 32
Pacific Ocean
(Galapagos &
Hawaii) 0.03 > 10 56
than 105 tons, would have fallen into the North
Atlantic Ocean, because of the heavy use of DDT
in North America (17). Thus, on these argu-
ments, the total quantity of 2DDT in the oceans
would exceed that of PCBs by several times,
especially in the eastern North Pacific. However,
2DDT has beenintroduced overlarge areas (1, 2),
so that it should be more uniformly distributed
than the PCBs, the discharges of which are
localized near industrialized coasts.
Available measurements of PCB levels and
2DDT/PCB ratios, summarized in Table 9, are
generally consistent with these predictions, al-
though the pattern is less clear than that in Table
8, in part because of the wide variability between
species (cf. Tables 6 and 7). The highest PCB
levels and the lowest 2DDT/PCB ratios have
generally been in areas close to industrial ac-
tivity. At least in the Pacific, PCB levels decrease
and 2DDT/PCB ratios increase with increasing
distance offshore. Data on marine birds summa-
rized by Keith and Gruchy (29) show that these
offshore gradients exist in both the Atlantic and
Pacific, and show further that PCB levels in the
Atlantic seabirds are 5-10 times higher than those
in the same or ecologically equivalent species in
the Pacific. The correlation of high PCB levels
with industrial activity has been demonstrated
most clearly inEurope, where it has been observed
along the coasts of Sweden (65, 81), the Nether-
lands (38) and Great Britain (82).
The only major discrepancy from this general
picture is the observation (57) of extremely low
2DDT/PCB ratios (of the order of 0.01) in zoo-
plankton over a wide area in the North Atlantic
Ocean. ZDDT/PCB ratios in fish in the same
area were of the order of 0.2 to 0.5. It is almost
inconceivable that aerial fallout of PCBs could
have exceeded that of ZDDT bysuchlargefactors
over such a large area; hence to explain the dis-
crepancy, it is necessary to assume either selective
removal of 2DDT or a local source of PCBs. A
likely local source is dumping or leakage from
ships. PCBs introduced into the ocean in this
way would frequently be mixed with oil, would
tend to mix with surface slicks (83), and hence
wouldbepeculiarlysubjecttouptakebyplankton.
Further study is necessary to confirm this sug-
gested explanation or otherwise explain the anom-
alouslow 2DDT/PCB ratio intheAtlantic Ocean.
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North Pacific to be of the order of 108 tons, and
that in the western North Atlantic to be of the
order of 5X 107 tons (derived from 59), we may
estimate the corresponding loads of PCBs to be
of the order of 10 and 15 tons respectively. As-
suming the standing crop of plankton to be five
times larger than that of the fish (1, 2), the corre-
sponding load of PCBs might be of the order of
100 tons. In the case of 2DDT, it has been esti-
mated that the total load in marine plants may
be several times larger than that in marine ani-
mals (2); this may be true for PCBs also, but we
know of no measurements to support it. In any
case it seems unlikely that more than a few X102
tons of PCBs are stored in the marine biota of
the area considered, a very small fraction of the
total quantity introduced. This fraction may be
significantly greater than the corresponding frac-
tion for 2DDT (1), because of the extraordinarily
high levels of PCBs in the zooplankton.
We know of no measurements of PCB levels
in sea water. However, as in the case of fresh
water, it seems likely that most of the PCBs
would be attached to sediments or to floating
particles. Observations on sediments (6, 26) are
in accord with this.
As for 2DDT, the deep oceans represent an
ultimate sink for PCB residues. There is no infor-
mation from which to estimate the rate of transfer
of either to the deep oceans.
SummaryandConclusions
According to the estimates made in this paper,
the PCBs released into the North American en-
viromnent in the past are now concentrated in
three major compartments in the environment:
(a) buried in landfill dumps (roughly 3X105 tons,
without allowing for degradation); (b) attached
to sediments in rivers and the Great Lakes
(roughly 2X 104 tons); (c) attached to sediments
on the continental shelf (roughly 104 tons). A
furthersubstantial quantity (oftheorder of 2X104
tons) has been widely distributed over the land
and sea by aerial fallout and by disposal from
ships. All the numerical estimates are expected to
be valid to order of magnitude only.
Transfer of PCBs within the environment is
expected to take place by the following main
routes: (a) volatilization, aerial transport on par-
ticulates, and fallout; (b) leaching from dumps;
(c) sediment transport in rivers and in the shallow
sea; (d) sedimentation in the ocean. Uptake and
transportbythe biotais probably a quantitatively
unimportant route of transfer of PCBs but is of
major biological significance. Virtually no evi-
dence is available on the rate of transport by any
of these routes, but it is expected that all are
very slow. In particular, PCBs in sediments in
rivers and lakes are likely to move downstream
and augment those in the shallow sea for a long
period into the future.
As a result of Monsanto's restrictions on distri-
bution, several inputs into the environment are
likely to have been sharply reduced. As existing
products containing PCBs are scrapped, the re-
maining inputs into the North American environ-
ment are expected to decline gradually over a
period of the order of ten years.
As in the case of DDT and its metabolites, the
total quantities of PCBs accumulated by the biota
are an extremely small fraction (less than one
percent) of those in the environment. This raises
the possibility that the dissemination of relatively
small fractions of the PCB production into sensi-
tive areas may be primarily responsible for
locally high levels of contamination of the biota.
Evaluation of the long-term effects of the accumu-
lation of PCBs and of the change in use patterns
and production will require the development of
environmental transport models more sophisti-
cated than those currently in use, together with
the requisite data.
The following aspects of environmental trans-
port of PCBs should have high priority for future
research:
1. Properties and Rates. Data are needed on
the solubilities and vapor pressures of indi-
vidual isomers; on the partition coeffi-
cients between water and sediments, water
and fats; on the rate of photochemical
decomposition and aerobic and anaerobic
biodegradation; diffusion coefficients in
sediment.
2. Routes. The magnitude of leaching from
dumps and aerial transport of PCBs must
be established by direct measurements of
concentrations in ground waters, airborne
Environmental Health Perspectives 34particulates, and rainfall. Data are needed
on the magnitude of industrial losses in
the past.
3. Transport Models. Data are needed on the
transport of PCBs in contaminated sedi-
ments in rivers and shallow seas, including
the dynamics of uptake from shallow sedi-
ment and losses to the ocean floor.
4. Levels. Additional data, including quanti-
tative evaluation of the fractionation of
isomers, are needed for fresh waters, soils,
terrestrial plants and animals.
5. Bioaccumulation model. Inasmuch as the
period since the first commercial appli-
cation of PCBs is less than the lifetime of
a number of species, including man, and
the use and discharge pattern has been
variable, there is a need to project the
long-range impact of the PCBs on the
different elements of the ecosystem.
Emphasis should be on coordinated approaches
to sampling and modelling rather than a statistical
accumulation of data.
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